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Abstract

The Bir M’Cherga basin (North-east Tunisia), with about 600 km? area, had recorded four Middle Cretaceous source rocks
well stratigraphically correlated with the four known oceanic anoxic sub-events: OAEla, OAE1lb, OAEIlc, and OAEI1d.
Variety of lithology, thickness and organic richness had characterized these source rocks. The sedimentary tectonic analysis,
the petrology and geochemistry study established the petroleum system of these source rocks. Basin formation began early
in the Barremian—Aptian interval by synsedimentary tectonics reactivating old basement faults. During the Aptian—Albian,
the formed basin had a depocenter that recorded thicker black shales while its NW and SE edges remained raised under
the Triassic halokinetic activities. The evolution of the sedimentary filling during this period generated two sedimentary
cycles corresponding to two filling second-order fining and thickening upwards sequences. The black shales that constitute
these source rocks are formed between subtidal and external platform environment and are interbedded with juxtaposed
high organic rich layers and poor ones. The rich organic facies consists of dark shale that constitutes the source rock. The
poor organic beds formed by light grey and nodular limestones constitute an intra host reservoir. Thereby, petroleum system
consists in an “unconventional oil shale hybrid systems with a combination of juxtaposed organic-rich and organic-lean
intervals associated to open fractures”. The kerogen is essentially amorphous, with marine planktonic origin and low lig-
neous organic matter contribution. This organic material of dark facies had been well preserved in an anoxic environment
with little or no energy. Light grey limestones were of oxic-to-sub-oxic environment. The stage of the thermal evolution for
these source rocks provided by IH/T,,, diagram is of the “oil window”. The average transformation ratio (TR) is estimated
as 45% suggesting thus black shales are oil shale resources which still close about untransformed 55% of its hydrocarbon
generating potential. The expulsion and release of oil into these source rocks are proven by the observation of hydrocarbons
filling micro-cracks and by the variable values of the oil saturation index OSI ranging from 0 to 138%. The latter exceeds
100% near the paleo-high reliefs indicating two “oil crossover” areas attributed to the high degree of oil source rock satu-
ration and accumulation of hydrocarbons considered ideal for hydraulic fracturing. This oil crossover is a consequence of
secondary migration into black shale source rock, achieved by various faults created during the distensive phase that were
reactivated again several times.
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Introduction

Black shales are the consequence of oceanic anoxic events
that had marked the geological history in the global
ocean since the early Cretaceous and record the phases of
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proliferation and diversification of marine biomass in sedi-
ments; which led to the genesis of good source rocks of oil
and gas (Schlanger and Jenkyns 1976; Arthur et al. 1985).
Most black shales were deposited during the Oceanic Anoxic
Event OAE] of the Middle Cretaceous and coincide with the
unfolding of global phenomena related to the main phases
of mid-ocean volcanism, generalizing transgressions and
increasing CO, levels in the atmosphere (Schlanger and
Jenkyns 1976; Arthur et al. 1985).
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This Oceanic Anoxic Event occurred over a long period
(113-109 Ma) with short-term paroxysms (<1 Ma) that
coincided with the accumulation and fossilization of sig-
nificant amounts of organic matter in four black shale units
during the four oceanic anoxic sub-events: OAEla, OAElD,
OAElc and OAE1d (Jenkyns et al. 1990; Bralower et al.
1994; Jarvis et al. 2002; Leckie et al. 2002; Soua 2016). The
first marker (OAEla) is of the Barremian—Aptian boundary
identified by Schackoina cabri and Globigerinelloides blowi
biozone (Weissert et al. 1998; Sliter 1989; Bralower et al.
1994) particularly in the south of France: the “Goguel livel”
formation of Bréhéret (1994) and in Italy: the “Selli livel”
formation of Coccioni and Galeotti (1994). The second sub-
event (OAE1D) is of the Lower Albian with Ticinella beja-
ouaensis and Hedbergella planispira biozone, characterizes
the western Tethyan (Bréhéret 1994; Bralower et al. 1994).
This interval is marked by a glaciation phase of the latest
Aptian followed by an eustatic rise phase during the Lower
Albian (Weissert et al. 1998). The third sub-event (OAE]lc)
of basal Upper Albian is indicated by Biticinella breggiensis
biozone, and has been identified in central Italy, in inner
western USA and in Australia (Bralower et al. 1994; Coc-
cioni and Galeotti 1993; Haig and Lynch 1993; Erbacher
et al. 1996). Finally, the sub-event OAE1d is of latest Upper
Albian with Rotalipora appenninica biozone and is widely
represented across the Tethys Ocean but sporadically repre-
sented in the southern part of the Atlantic and Indian Ocean
and the eastern part of the Pacific ocean (Bréhéret 1994;
Erbacher et al. 1996; Wilson and Norris 2001; Bornemann
et al. 2017).

We emphasize that those four oceanic anoxic sub-events
of the Middle Cretaceous have never been encountered
together in the same basin. The Bir M’Cherga basin in the
north-east of Tunisia is an exception and offers a unique
opportunity to analyze and correlate them. Elsewhere, in the
rest of the “Tunisian furrow” bordering the southern Tethyan
domain, the main three sub-events (OAEla, b, and d) had
been identified and correlated with their counterparts of the
global ocean (Soua 2016) while oceanic anoxic sub-event
OAElc, had never been reported in this area.

This study aims to highlight the coexistence of the four
sub-events OAE1la, OAE1b, OAElc, and OAE1d and to cor-
relate them with the anoxic sub-events of the global ocean.
The tectono-sedimentary analysis would make it possible to
understand the role played by local factors in the creation of
anoxic conditions and to define the type of petroleum system
that can be attributed to those source rocks. On another side,
success in the exploration and exploitation of shale gas and
oil resources is attracting increasing interest in oil produc-
tion from organic-rich mudstones or black shales. The eco-
nomic value of petroleum liquids is becoming greater than
that of natural gas (Jarvie 2012). Thus, black shales with
high residual petroleum potential can be revised as shale oil
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and gas resource systems to extract hydrocarbons stored in
the source rock.

To achieve this objective, it becomes necessary to identify
the dominant organic, petrologic and geodynamic criteria
to characterize the oil system of the source rocks that were
deposited during these four oceanic anoxic sub-events.

Geologic and stratigraphic settings
Geodynamic setting of the Bir M'Ccherga basin

The Aptian—Albian interval corresponds, in northern Tunisia
and particularly in Bir M’Cherga basin (Fig. la—c), to the
deposit of sedimentary marlstone, limestone and grey-black
laminated limestone with a maximum thickness of around
1000 m: “Fahdéne formation” (Burollet 1956; Jauzein 1957:
unpublished work). This sequence was deposited in an open
and relatively deep subsiding paleogeographical domain in
northern Tunisia: the “Tunisian Furrow” or “Atlas basin”
(Bolze et al. 1952).

Several authors suggest the existence of a close link
between tectonics and paleogeography in Tunisia (Bolt-
enhagen 1981; Chikhaoui and Turki 1995). In particular,
they note from the Lower to Middle Cretaceous that syn-
sedimentary tectonics fragmented the sedimentary floor of
the basin (Boltenhagen 1981; Chihi 1995) into a series of
tilted blocks that emerged at the beginning of the Aptian
interval (Fig. 2a). An extensive tectonic regime that occurred
in northern Tunisia during this period was oriented NE-SW
nearby E-W faults including those bordering the south-
ern part of the Atlas basin. This controlled the gradual
collapse of the “Tunisian Furrow” by the subsidence and
tilting blocks in an E-W orientation (Figs. 1c, 2b). A half-
graben structure generated sedimentary micro-basins, cre-
ated at subsiding blocks, characterized by thick sedimentary
prisms on the collapsed side of normal faults. Reduced ones
were built on their resistant side. The raised edges of these
micro-basins show mismatches and breaches of dismantling
(Martinez et al. 1991; Ellouz 1984; Chikhaoui and Turki
1995). During this time volcanic events also accompanied
sedimentation, particularly in the platform—basin transition
area where NW-SE rifting (crustal thinning) was located at
Enfidaville, the Sahel and the Pelagian Sea (Fig. 2a) (Raaf
and Althuis 1952; Laaridi-Ouazaa 1994). The studied area
corresponds to a NW boundary basin under a Cretaceous
distensive regime preferentially during the change of the
sequences (Boltenhagen 1981; Laridhi-Ouazaa 1994; Illies
1981). The Bir M’Cherga basin (Figs. 1c, 2b) falls within
this scope and was located at the East-northeastern end of
this Tunisian furrow during the Barrimian-Albian interval.

This basin was an intracratonic feature that corresponded
to a regional extension graben (Figs. 1c, 2b), delimited by
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Fig. 1 a Geographic regional situation; b north-east Tunisian geologic map and ¢ simplified geologic map of study area (Bir M’Chergua) show-

ing section locations (Corel Draw figure exported into jpeg format)

NNE-SSW and NW-SE normal faults that extended into the
basement. Starting in the Upper Jurassic, the graben col-
lapsed and was filled with a thick sedimentary sandstone and
pelitic sequence during the Neocomian—Barremian interval
(Burollet 1956; Jauzein 1957). The top Barremian—Aptian
period marks an extensive tectonic phase which reactivates
the movements of the basement into horsts, grabens and
tilted blocks. The Triassic dome pierces the overlying sedi-
mentary cover intersecting sub-meridian faults with NW-SE
oriented ones. The NW-SE extension faults are regional
and define the northern and southern boundary of the Bir
M’Cherga graben (Figs. 1c, 2b).

These faults expose prominent resistant blocks such as
those of Jebel Zebbas and Djebel Oust (Figs. 1c, 2b). Thus, a

condensed area within the sedimentary section can be char-
acterized during the Bedoulian-Gargasian interval (Memmi
1989) and precede the first filling phase of the basin during
the Aptian—Albian interval. The NW-SE extensional tectonic
activity also involves the deposition of a marly limestone
that covers the latest Lower Albian and that is characterized
throughout the entire basin by little variations in thickness
and lithology (Talbi 1991) (Fig. 8). During the transition
from the Lower Albian to the Upper Albian, halokinetic
movements associated with the Triassic section were favored
by the reactivation of paleo-basement faults (Smati 1986).
This increases the paleo-relief maintaining the basin’s old
architecture inherited from the Jurassic phase. During the
latest Upper Albian, those paleo-highs become gradually
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Fig.2 a Aptian main structural
elements of Tunisian showing
study area (Boltenhagen 1981;
redrawn); b schematic structural

map of study area (Corel
Draw figure exported into jpeg
format) '
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invaded by sedimentation associated with extensional tec-
tonic faults. Significant thickness variations characterized
the marlstone of the lower Upper Albian (Fig. 8). However,
the latest Upper Albian shows minimal variations of thick-
ness (Burollet 1956; Jauzein 1957).

Lithostratigraphic units

The filling Bir M’ Cherga graben consisted in a thick sand-
stone and pelite sedimentation of the Neocomian—-Barremian
interval underlying the Aptian—Albian marly sequence con-
taining black shales. Sedimentation began with a series of
marls which contained two banks of laminated limestone
dated back to the Barremian—Aptian by schackoina cabri
biozone (Memmi 1989, 2014).

The base of the Aptian is represented by olive-green
ammonite-rich silty clays marked locally by glauconite
with frequent yellow siliciclastic thin beds. At this time,
the structural architecture of the basin was marked by tilted
blocks on the normal E-W faults side. A thick sedimen-
tary sequence with pelagic fauna filled the collapsed areas,
whereas the condensed series of reduced thickness are typi-
cal of outer-shelf and peritidal setting on resistant blocks.
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Barremian—Aptian black shales are settled beside the top of
resistant block in Oued Bou Hejba (OOB section) near Jebel
Oust. The deposition of these black shales announces the
beginning of the anoxic Aptian—Albian crisis.
The depositional hiatus marking the Aptian—Albian
unconformity is probably induced by the tectonic phase
that occurred at the end of the Aptian in relation to haloki-
netic movements characterizing the region (Memmi 1989).
Here, we find a missing deposition located on the top of the
paleo-highs built upon Triassic domes. The deeper Albian
facies is everywhere represented by the same lithological
sequence consisting on grey-black marls with frequent black
shales horizons. The early Lower Albian is represented by
grey marlstone becoming laminated towards the top. The
latest Lower Albian corresponds to a dominant carbonate
deposit enriched at the base by laminated limestones, in the
middle by marlstones and at the top by bioturbated nodu-
lar thickening limestones. A rich microfauna containing
Ticinella primula biozone characterizes this sub-unit. The
lower Upper Albian is represented by a marlstone show-
ing few layers of laminated limestones with a rich ammo-
nites and belemnites fauna. This sub-unit is characterized
by Biticinella breggiensis. The terminal Upper Albian is
dated by Planomalina buxtorfi biozone. It is characterized
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by laminated limestones at resistant paleo-high areas and
interbedded laminated limestones with marls at relatively
deep ones (Jauzein 1957; Talbi 1991).

Significant variations in thickness characterize especially
the marl series of the basal Albian and those of the basal
Upper Albian (Fig. 6). This can be attributed to extensive
tectonic phases reactivating paleo-faults starting at Bar-
remian—Aptian passage and at the latest Lower Albian. This
sedimentary rupture is marked by the appearance of spheri-
cal gypsum nodules and secondary sulfates, characterizing
the passage Lower Albian—Upper Albian. Those are becom-
ing more common in the direction of resistant wrinkles
(Fig. 6) (Talbi 1991).

During the latest Upper Albian, the paleo-reliefs cre-
ated at the latest Lower Albian will gradually be invaded
by sedimentation in an extensional tectonic setting. Black
shales are settled on the paleo-reliefs of Jebel Zebbas (ZAS)
and Djebel Oust (O0J) whereas interbedded marlstones and
limestones, with thin black shale levels, are formed at Ain
Asker (AAS) and Oued Bou Hejba (OOB), in the deeper
areas of the basin (Talbi 1991).

At the Cenomanian-Upper Albian limit, halokinetic pul-
sations are reactivated again. The transgressive Cenomanian
marlstones are generally discordant on the Upper Albian
sediments (Figs. 6, 7). Then spherical gypsum nodules
and secondary sulfates have scored this discordance near
the paleo-reliefs. Indeed, the top of the Upper Albian black
shales is showing an erosive surface in AAS and OOB sec-
tions; whereas in ZAS and OOJ sections they are partially
truncated by faults. While in ZBB section, these black shales
had removed completely (Jauzein 1957; Talbi 1991).

Filling sequence and associated black shales

In the Bir M’Cherga basin, the Aptian—Albian sediments are
organized in two filling second order fining and thickening
upwards sequences with organic-rich marlstones and lime-
stones that form black shales. A mineral paragenesis of these
facies is represented by about 50-70% of calcite, 20-40% of
silica, 0-9% of feldspars and 6-12% of clays. According to
Dunham (1962) classification, calcareous sediments are of
packstone-to-wackstone microfacies (Talbi 1991).

The first sequence corresponds to the Aptian—Lower
Albian interval and consists of two sedimentary members.
The first member begins by two black shales indicating Bar-
remian—Aptian transition which are related to OAEla and
are overlain by Upper Aptian olive-green clays and basal
Lower Albian grey marlstones. The latter are enriched with
pelagic fauna containing, especially pyritic ammonites. The
second member is represented by thick black shales cor-
responding to OAE1b interbedded with nodular limestone
becoming thicker and bioturbated at the top (Fig. 6).

The second sequence is Upper Albian age. Its lower
boundary is marked by spherical gypsum nodules and bary-
tine. This sequence consists also tow members. Its basal one
is represented by grey marlstones containing rich ammonites
and belemnites fossils. Those marlstones are interbedded
with thin black shales assigned to OAEc in the basin center
(AAS) and in its SE side (OOB and OOJ). The second mem-
ber of this sequence is represented by black shales interbed-
ded with thin nodular limestones corresponding to OAE1d
upon paleo-highs. Those black shales are interbedded with
relatively thick marlstones and limestones in the deeper
basin area (Fig. 6).

Tectonosedimentary analysis shows that each sequence is
delimited by two major distensive tectonic phases controlled
by halokinetic activity (Perthuisot et al. 1988). Each phase
destabilizes the sedimentary floor and creates inequalities
of the relief. A pelagic subtidal sedimentation occurs in col-
lapsed areas and an external platform deposits characterize
high areas. Black shales accumulated during the four oce-
anic anoxic sub-events characterize an intermediate envi-
ronment between subtidal and external platform since they
are located between pelagic faunal marls and bioturbated
nodular limestones (Fig. 7).

The correlation of these sedimentary sequences with
the documented regional eustatic cycles (Marie et al. 1982;
Memmi 1989) show that each sequence coincides with the
beginning of a regional eustatic cycle whose paroxysm cor-
responds to the black shale deposits (Fig. 6). Each eustatic
cycle, as a result of an extensional tectonic phase, starts by
the marlstone deposits before the installation of the anoxic
phase that allows black shales deposits. Then, the sequence
ends by oxic-to-sub-oxic sediments. The regional eustatic
cycle coincides perfectly with the global charter of Vail et al.
(1977) as shown by the Fig. 6.

Materials and methods

Five geological sections have been excavated in the Bir
M’ Cherga basin (Fig. 2). The samples collected were first
dated using planktonic microfauna.

Total rock geochemistry analysis was conducted on 317
rock samples using a Carmograph 8 WOSTHOFF and a
Rock-Eval II. The total organic carbon (TOC) is carried out
by burning the sample at 1100 °C under an oxidizing atmos-
phere after carbonates destruction. This technical method
(Espitalié et al. 1977) measures the compounds released by
organic matter pyrolysis of 100 mg of sediment under an
inert atmosphere (Helium) and by programming the heat-
ing temperature from 180 to 600 °C at a rate of 25 °C/mn.
A pyrogram showing three peaks related to three organic
compounds is provided: the S1 and S2 peaks correspond,
respectively, to the free hydrocarbon quantities released
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at 180 °C and to the potential hydrocarbons obtained by
thermal cracking of the insoluble organic matter (kerogen)
at a temperature ranging between 180 and 600 °C. The S3
peak represents the organic oxygen compounds. Finally, the
maximum temperature (7,,,.) measured at the top of the S2
corresponds to the kerogen thermal maturity degree. Several
parameters are calculated from S1, S2, and S3 such as the
hydrogen index (HI = (S2x 100)/TOC in mg HC/g TOC),
the oxygen index (O=(S52x 100)/TOC in mg CO,/g TOC),
the hydrocarbon generation potential (HGP=S1+ S2) and
the oil saturation index (OSI = (100x S1)/TOC).

Liquid chromatography was performed on bitumen
extracted from 32 rock samples using an organic solvent
(Dichloromethane: CH,Cl,). The extract fractionation is car-
ried out according to the separation protocol SARA. First, it
is passed through a column containing an amalgam of copper
and zinc to separate the asphalenes from the maltenes. The
latter are divided into three compounds, namely saturated
hydrocarbons which are eluted with heptane, aromatics with
a 2/1 mixture volume of n-heptane and toluene and finally
the resins with a 1/1/1 mixture volume of dichloromethane,
toluene and methanol. The saturated fraction obtained was
subsequently analyzed by gas chromatography on a Carlo-
Erba apparatus “5880 series gas chromatograph”, equipped
with a capillary column SP 2100 of 30 mx0.25 mm, by
programming temperature from 80 to 300 °C at a rate of
5°C/mn.

Optical study was realized by scanning electron micros-
copy then by microscopic reflection, transparency and fluo-
rescence with an Ortholux microscope and a Cerchar pho-
tometer. This was conducted on 25 samples of polished rocks
and organic matter concentrates. The preparation technique
for the concentrate organic matter was performed according
to the method described by Bertrand and Pradier (1993).
About 200 g of crushed rock is centrifuged in a dense solu-
tion (d=1.7) and the supernatant is recovered on a sieve.
The organic particles of the concentrate are subsequently
fixed on a suitable resin and then subjected to polishing.

Results

Petrographical and geochemical characterization
of the organic matter

Organic matter constituents

Petrographic organic microfacies analysis interests two types
of facies: organic-rich laminated limestones (dark shales)
and poor organic nodular limestones (light grey facies).
Those two types of facies are interbedded in black shales.
The dark shales are organic-rich thin micro-beds (Fig. 3a)
showing sometimes well-preserved fish scales (Fig. 3b)
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and microfauna filled with bitumens (Fig. 3¢). Abundant
nanoplanktonic fauna, especially coccoliths are shown by
SEM in the clear thin micro-beds constituting the dark facies
(Fig. 3d). However, light grey facies do not show laminated
structures but hydrocarbons filling micro-fractures (Figs. 3f,
4e). Dark facies are rich autogenic fromboidal pyrite crystals
(Fig. 3g) characterizing most of source rocks kerogens (Tis-
sot and Welte 1984).

Organic matter extracted from dark black shales show
essentially amorphous type (Fig. 3h). But those from light
grey facies are constituted by rarefied oxidized ligneous
fragments: fusinites (Fig. 31, j).

All these microfacies show an intragranular initial poros-
ity formed by the cavities or lodges of the microfauna and
the nannofauna (Fig. 3c, d) associated with an intergranular
porosity similar to that developed between the fromboidal
pyrite crystals (Fig. 3g). To this primary porosity is added
another secondary represented by microfracture (Fig. 3e, f).

Geochemical results

Organic matter analysis results range from 0.1 to 13.91 wt%
TOC (Table 1). Dark shales recorded more than 1 wt% TOC
and light grey limestones recorded less than 0.5 wt% TOC.
Marls are generally with intermediate contents. Average
TOC contents/section range between 0.55 and 2.19 wt%.
The average values of hydrocarbons generative potential
HGP (S1+ S2), hydrogen index HI and oxygen index OI,
range, respectively, from 1.41 to 25.49 kg HC/t rock for
HGP, 178 to 347 mg HC/g TOC for HI and 25 to 194 for
OI (Table 1). These large dispersion values may be related
to the filling environment that oscillated between oxic, sub-
oxic, and euxinic conditions. Dark shales are the euxinic
filling environment. But light grey limestone and marlstone
are sub-oxic-to-oxic deposits.

The kerogen origin is determined by the HI/OI diagram
(Fig. 4) (Espitalié et al. 1977) showing that most of the rep-
resentative sample points (about 70%) occur along lines I
and II corresponding, respectively, to sapropelic and marine
planktonic organic matter. Ligneous organic particles do not
exceed 5% estimated referring to the petrographical analysis
and about 30% of type IV (OI>100) that can be related
to thermal and weathering alteration of type I and II ini-
tials organic deposits (Fig. 4). Note that most type I origin
samples are from ZAS section which records the highest
TOC contents (13,91wt%) and the highest HI/OI ratio (= 14)
(Table 1).

The analysis of the composition of the dichloromethane
extract kerogen shows the percentages of saturated and aro-
matic hydrocarbons ranging, respectively, from 9 to 37% and
from 4 to 10%. Heavy compounds range from 56 to 73% for
resins and 0 to 13% for asphaltens (Table 2).
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Fig.3 Organic-rich and
organic-lean microfacies and
their micro-constituents of

Bir M’Cherga Aptian—Albian
source rocks (Corel Draw figure
exported into jpeg format).

a Laminated organic matter
with about 14 wt% TOC (thin
rock section—transmitted
light), b preserved fish scale
(thin rock section—Reflected
light), ¢ microfacies with
planktonic fauna showing
intragranular microporosity
filled by hydrocarbons (thin
rock section—transmitted
light), d Coccolithes-rich nan-
nofacies showing intragranular
fossil porosity (SEM photo), e
Hydrocarbons filling microf-
ractures with 0.75 wt% TOC
(thin rock section-fluorescent
light), f hydrocarbons filling
microfracture (thin rock section-
transmitted light), g fromboidal
pyrite showing intragranular
nannaoporosity between crys-
tals (rock section—SEM photo),
h amorphous organic matter
(extracted organic matter-
fluorescent light), i fusinite
fragment (extracted organic
matter-reflected light) and j
detail of i

The low asphalten and the high resin fractions of
dichlomethane extract denote the good oil quality. In
fact, the resinous compounds can be transformed entirely
into hydrocarbons, while asphaltens release only a tiny

fraction by thermal cracking. Such result attest, usually
on a low maturity degree since the source rock starts gen-
erating heavy bitumen in the early stage of organic matter
cracking.
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Fig.4 HI/OI diagram showing the representative points of samples
from Bir M’Cherga Aptian—Albian source rocks (Corel Draw figure
exported into jpeg format)

The mode of the n-alcane distribution of saturated
hydrocarbons being around C,;,—C,5 and located between
C,, and C,, (Table 2) and the disappearance of the
n-alkanes with a length hydrocarbon molecules in the
C,5—C;5 range is attributed to a biomass originated from
marine planktonic organic matter (Durand 1993). The
absence of an imparity of the n-alkanes (Fig. 5) is attrib-
uted to mature sediment. But developed hump in some
chromatograms under C,5—C;5 (Fig. 5b) can be related to
a strong biodegradation which characterizes the extracted
samples from the top of the sequence (Fig. 6). In fact
the hump is related to naphthenic hydrocarbons which
derived from bacteria activity at sediment—water inter-
faces (Durand 1993) and may characterize oxic-to-sub-
oxic sediment deposits.

Organic-rich and organic-poor facies environment deposit

Petrographic and geochemical study carried out on selected
samples shows that the two juxtaposed microfacies into
black shale constitute interbedded source rocks and res-
ervoirs. Laminated dark shale records the highest organic
content with amorphous marine compound constituting
the source rock kerogen. By thermal cracking, the kerogen
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releases hydrocarbons which fill the inter- and intra-source
rock pores. Hydrocarbons migrate through microfractures
and impregnate the underlying and the overlying light grey
beds constituting reservoirs. Poor asphaltens and rich resin
hydrocarbons may result from a first generation of oil and
reflect a low degree of maturity corresponding at least to the
beginning of “the oil window”.

Moreover, well-conserved organic materials indicate
low energy and anoxic conditions with a reduced euxinic
environment (Goy 1979). The high degree of preservation is
related to the high organic matter accumulation in the dark
facies and indicates the high degree of euxinic conditions by
early-formed fromboidal pyrite under water—sediment inter-
face (Schieber and Gordon 2001). On the other hand, light
grey facies characterize sub-anoxic-to-oxic environment,
where at the top of the sequence they become bioturbated
and indicate the end of the anoxic cycle.

Anoxic sub-events and associated source rocks

The sedimentological and geochemical spatiotemporal
analysis of organic matter richness of the Bir M’Cherga
Aptian—Albian series led to distinguish three important
organic-rich black shale levels that constitute good source
rocks. These latter correspond to the three sub-events
OAEla, OAEID, and OAE1d (Fig. 6). A fourth and less
expressed one may be related to OAE]c.

The first anoxic sub-event appears at the Bar-
remian—Aptian limit and is referred to the schackoina cabri
biozone. It is represented by two black shale levels that are
approximately 7 m thick near Jebel Oust area (OOB) and
contain an average organic material contents: 0.80 wt%
for TOC, 222 mgHC/g for HI, and 3.13 kg HC/t for GHP
with maximum values, respectively, of 2.95, 728, and 3.13
(Table 1; Fig. 6). This sub-event identified in Tunisia for
the first time by Talbi (1991) was manifested in the Center,
the North and the North-East of Tunisia and covering a vast
paleogeographic domain. OAEla event is characterized by a
diachronic and a clear variation of TOC richness and thick-
ness confirmed by Soua (2016). This oceanic anoxic sub-
event is well documented and identified for the first time in
the Italian Apennines as “Livello Selli” OAEla (Coccioni
and Galeotti 1994).

The second oceanic anoxic sub-event (OAEI1Db) is of
Lower Albian age dated by Ticinella primula biozone. It
consists of black shale levels from 75 to 210 m thick with
homogeneous organic material contents. The average geo-
chemical data values are 0.70 wt% for TOC, 294 for HI,
and 2.35 kg HC/t for GHP. Their maximum contents are,
respectively, 2.97, 845 and 3.07 recorded at ZBB section
(Table 1; Fig. 6). This OAE1b sub-event was documented
in France Voconcian basin (Bréhéret 1994) and all the
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Table 1 Aver age organic Section  OAE Samp. num./ Average TOC Average HGP Average HI  Average OI HI/OI
geochemlca% data recorded from thickness min—-max min-max min—max min-max
TOC analysis and Rock—eval
pyrolysis of Bir M’Cherga ZAS OAEld  17/12m 5.13 25.49 347 25 14
Aptian—Albian source rocks 046-1391  0.01-74.18  39-508 5-82
OAElc  14/15m 0.64 1.67 178 98 1.8
0.12-1.97 0.03-7.37 8-608 17-164
OAElb  55/86 m 0.81 3.13 222 72 3
0.10-2.95 0.06-15.63 60-728 8-366
ZBB OAElb 29210 m 0.80 3.07 425 131 3
0.16-2.97 0.30-8.11 60-847 26-383
AAS OAEld  14/50 m 0.96 2.70 214 154 14
0.34-1.53 0.27-7.92 36-584 19-257
OAElc 11/72 m 0.53 1.70 231 179 13
0.09-1.04 0.02-3.21 6-990 81-282
OAElb  21/130 m 0.84 2.23 275 151 1.8
0.04-1.80 0.10-6.30 20-626 3-396
OOB OAEld  12/35m 0.45 1.20 274 193 1.4
0.19-0.61 0.39-2.21 150-408 134-270
OAElc  17/70 m 0.65 2.31 365 138 2.6
0.15-1.40 0.11-4.91 55-820 39-327
OAElb  16/75m 0.52 1.73 303 194 1.1
0.12-1.53 0.47-5.95 84-615 98-334
OAEla 7/7m 1.24 2.75 205 88 2.3
0.40-3.31 0.11-8.28 25-323 21-170
00J OAEld 8/25m 1.52 3.97 262 137 1.8
1.26-1.76 3.19-5.37 191-344 56-303
OAElc  11/16 m 0.48 1.41 350 89 39
0.32-0.79 1.19-1.67 171-516 29-220
OAElb  66/110 m 0.53 1.58 245 155 1.5
0-1.33 0-5.97 0-996 26-395
Table 2. Dichloromethane . Section  Saturated Aromatic Resins (%)  Asphaltens n-Alcanes<C,, C,<n-alcanes<C;,
extraction compounds of Bir HC (%) HC (%) (%) % %
M’ Cherga Aptian—Albian
source rocks ZAS 9 10 73 13 36 85
ZBB 14 6 56 1 50 98
AAS 13 5 56 9 - -
OOB 32 4 60 7 64 98
00J 37 5 58 0 56 99
Fig.5 Chromatograms show- ° p oy
ing: a a non biodegraded c S e S Q
hydrocarbons from dark shale; - 1 = ® )
b biodegraded hydrocarbons DC_ i o S
of saturated dichloromethane Py
o OXIC PHASE

extracted fraction showing a
hump from organic poor light
grey limestone of Bir M’Cherga
source rocks (Corel Draw figure
exported into jpeg format)
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Fig.6 Anoxic sub-events correlation with the organic geochemical parameters of Bir M’Cherga Aptian—Albian source rocks compared to their
Western North Atlantic equivalents (Leckie et al. 2002) and the Vail sea level curve (Corel Draw figure exported into jpeg format)
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western Tethyan (Arthur et al. 1985; Silva et al. 1989;
Bralower et al. 1994).

The third oceanic anoxic sub-event (OAElc) appears
at the lower Upper Albian and is identified by Biticinella
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breggiensis biozone. It is represented by thin laminated black
shales intercalated in a various thick marl series (15-72 m).
A moderate organic content characterizes this sub-event with
average contents of 0.55 wt% for TOC, 252 mg/g for HI and
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Fig.8 HI/T,,, diagram showing the representative points of Bir
M’Cherga Aptian—Albian source rocks (Corel Draw figure exported
into jpeg format)

1.81 kg HC/t for GHP. Their maximum values are recorded
at ZAS section which are, respectively, 1.97, 608, and 7.37
(Table 1; Fig. 6). This sub-event was identified in central
Italy (Silva et al. 1989), in Mexico (Bralower et al. 1994) in
the western United States and in Australia (Bralower et al.
1994; Coccioni and Galeotti 1993; Haig and Lynch 1993;
Erbacher et al. 1996).

The fourth oceanic anoxic sub-event (OAE1d) is located
at the top of the Albian and was identified by Planoma-
lina buxtorfi biozone and consists on black shales of about
12-50 m thick. A high organic matter content with an aver-
age of 2.02 wt% for TOC, 274 mg/g for HI and 8.34 kg HC/t
for HGP, characterizes this oceanic sub-event. The excep-
tionally high values are recorded at (ZAS) section near the
Jebel Zebbas Triassic outcrop. They measure 13.91 wt%
for TOC, 436 for HI and 74.18 kg HC/t for GHP (Table 1;
Fig. 6). In the rest of the basin, where more rich-marl facies
dominated, the organic contents are moderate (about 1-2
wt% for TOC). This sub-event is well documented in North-
ern Thethys (Bornemann et al. 2017), Southern part of the
Atlantic, Indian Ocean and in Eastern part of Pacific Ocean

(Bréhéret 1994; Erbacher et al. 1996; Wilson and Norris
2001).

Unconventional petroleum system associated
to Aptian-Albian anoxic sub-events

Geodynamic factors controlling black shale deposition

In the Bir M’Cherga basin, the main three oceanic anoxic
sub-events: OAEla, OAE1b, and OAE1d are represented by
black shales horizons. Only OAE]lc is represented by thin
beds of black shale within a thick marl sequence. Each black
shale level is located within a filling second order fining
and thickening upwards sequence and occurs with the high-
est transgressive sea level. A positive correlation between
transgressive phase, illustrated by the Vail curve, the TOC
and the HI peaks is shown by Fig. 6 where the anoxia is
detected by the high contents of organic matter and the high
sea level (Schlanger and Jenkyns 1976; Leckie et al. 2000).
This positive correlation highlights the role of global factors
in the oceanic anoxic sub-events determination. However,
regional and local factors controlling the organic material
preservation under anoxic conditions have certainly played
an important role in the local expression of the oceanic
anoxic sub-events. This is why the geodynamic context
of the Bir M’Cherga black shales deposit was controlled
by active distensive faults. Generated structures in horsts,
grabens and tilted blocks (Fig. 7) induced by the Triassic
halokinetic activity (Smati 1986; Perthuisot et al. 1988) had
favor the deposition of black shales. Intermediate domain
between subtidal (graben) and external platform (horst) con-
stitutes the ideal environment of anoxia conditions to accu-
mulate black shales. In this context, the Barremo—Aptian
black shale levels of Oued Bou Hejba (OOB) are spotted on
only near the resistant areas (Fig. 7).

At the Lower Albian, the anoxia spreads throughout the
whole basin and characterizes a water depth higher than that
of the Barremo—Aptian passage. The black shales are depos-
ited on the entire basin with homogeneity of organic matter
richness (maximum of 1-3 wt% TOC). During this period,
the tectonic activity seems to affect neither the black shale
distribution nor their organic richness. However, at the top
of the sequence burrowed limestones, low organic matter
content, express the transitional anoxic-to-oxic conditions
before the advent of the terminal Lower Albian distensive
tectonic phase. The latter phase reactivates old faults and
creates relief inequalities (Fig. 7). The OAElc occurred
at the basal Upper Albian within the second sedimentary
sequence is better expressed in the whole basin except in
ZBB section. Finally, the OAE1d occurred at the terminal
Upper Albian, records exceptionally organic-rich facies with
about 14 wt% TOC at the resistant panels near the Triassic
Jebel Zebbas area. Elsewhere, in the deepest areas of the
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basin (Figs. 6, 7), this anoxic sub-event was expressed by
moderate TOC contents with maximum 1-2 wt% TOC.

425_450
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Hydrocarbon potential productivities of black shale source
rocks

HGP
(kg!t)

0OsI
(mgHCIgTOC)

The first point to consider in an area with exploitable oil
potential production is the determination of the thermal
maturity stage of the source rock. As it is shown in Figs. 8
and 9, the most 7, values range between 436 and 450 °C
and the majority of representative points of samples are
placed, between 0.5 and 1% vitrinite isoreflectance-bound-
ing lines corresponding to the “oil window” as it is shown

by HI/T,, diagram. This lead to consider Aptian—Albian

max

source rocks as unconventional oil shale resources. —A‘_m

To characterize the hydrocarbon potential productivities
of these unconventional oil shale resources, the variations of
the following parameters are analyzed. Results are consigned
in Tables 1 and 3. The hydrocarbon generation potential:
HGP (S2+ S1), the oil saturation index: OSI (S1 mgx 100)/g
TOC and the T,,,, values, are illustrated in parallel with TOC
variations by Fig. 9. The average HGP ranges from 1.41 to
25.49 kg HC/t. The highest values are recorded in the sub-
event OAE1d of the ZAS section (Table 1). Since the HGP
represents the quantities of the free (S1) and potential (S2)
hydrocarbons retained in source rocks, only S1 are able to
flow once hydraulic fracturing has been implemented. OSI
parameter (OSI=100x S1/TOC) can provide the existence
of quantities of hydrocarbons likely to circulate. OSI exceeds
10% in mature source rock then it ranges between 50 and
70% for a saturated source rock as a result of cracking the
majority or all its hydrocarbon generation potential. When
reach by 100%, this creates target areas for shale oil exploita-
tion. These areas are called “oil crossovers” (Jarvie 2012).
The average OSI values of The Aptian—Albian Bir M’cherga
basin range from 3 to 23% with a maximum exceeding 100%
(Table 3; Fig. 9) that indicate oil saturation of the source
rocks. The most dispersed values may be explained by sec-
ondary migration and existence of areas of oil accumulation.
In fact Fig. 9 shows two “oil crossovers” areas in the two
sections ZAS and OOJ, where the series become conden-
sate and affected by several faults (Fig. 9). Sections in the ie
middle of the depression (AAS and OOB) do not show this
oil crossover phenomenon, although the degree of thermal 534
maturity is the highest in the basin. The average T,,,, val-
ues are, respectively, 442 °C and 440 °C, against 437 °C to
438 °Cin ZAS, ZBB, and OOJ sections (Table 3; Fig. 9). So
the lack of oil crossover at AAS and OOB sections may be
the result of a partial hydrocarbon expulsion.

The thermal transformation of organic matter that causes
a source rock to generate petroleum is the transformation
ratio (TR) which represents the percentage of organic mat-
ter that has been transformed into hydrocarbons between
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Table 3 Average oil saturation Section Sample Sub-OAE Average OSI % Average TR % Average
index: OSI (S1 mgx 100/g Number T
TOC), transformation ratio: TR max
(%) and Ty, of Bir M”Cherga ZAS 17 OAEld 23 26 436
Aptian—Albian source rocks 2-51
14 OAElc 19 62 438
042
55 OAElb 19 53 437
0-138
ZAS samples: 86 Average/section 20 47 437
7ZBB 29 OAEIlb 6 11 438
0-27
AAS 14 OAEld 3 58 439
0-11
11 OAElc 3 49 442
0-13
21 OAElb 6 42 445
0-26
AAS samples: 46 Average/section 4 50 442
OOB 12 OAEld 4 42 439
0-26
17 OAElc 4 23 441
0-11
16 OAElb 5 36 441
0-25
8 OAEla 5 57 443
1-10
OOB samples: 53 Average/section 4.5 40 441
00J 8 OAEld 5 30 437
1-11
11 OAElc 7 40 438
0-18
66 OAEIb 11 48 437
0-133
Total samples: 85 Average/section 8 40 437

the initial stage, where the organic matter was immature,
and the final stage (present days), according to the follow-
ing formula: TR = (HIo — HI)/HIo (Jarvie 2007). Knowing
the type of organic matter, Hlo can be estimated to 475 °C
for an organic material of a marine planktonic type II origin
(Jarvie et al. 2007).

As itis shown in Table 3, the average value of TR/section
ranges from 40 to 50%, then about 50-60% of the original
hydrocarbons are still untransformed. The highest values of
the TR are recorded in the center (50% in AAS section) and
in NW ridge of the basin (47% in ZAS section) which show,
respectively, the highest and the lowest maturity degree
with, respectively, an average T,,,, =442 and 437 °C. This
may be explained by the high maturity degree recorded in
AAS section and the best quality of organic matter in ZAS
section (HI/OI = 14) as shown by Tables 1 and 3.

Those unconventional oil shale resources containing more
than 50% of their initial hydrocarbon generation potential
will be able to produce significant quantities of hydrocarbons

by hydraulic fracturing. As long as they are hosted in thick
marl series preventing tertiary hydrocarbon migration to res-
ervoir rocks, desorption of hydrocarbons may be achieved
by the existence of natural fracturing and microfracturing
as well as a juxtaposed rich organic bed alternated with the
poor organic ones. In this context, dark shales may provide
hydrocarbons by thermal cracking that would migrate into
clear limestone facies constituting thin reservoirs into black
shale source rocks. Taking account of all those characteris-
tics, the Aptian—Albian petroleum source rock system can
be qualified, according to the unconventional source rock
classification established by Jarvie (2012), as an “unconven-
tional oil shale hybrid systems with a combination of jux-
taposed organic-rich and organic-lean intervals associated
to open fractures”. It should be noted that the synsedimen-
tary open fracture system which had been often reactivated
during sedimentary filling cycles of the basin, may be con-
sidered as a weak path facilitating hydrocarbon secondary
migration.
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Conclusions

During the Aptian—Albian period, the Bir M’Cherga basin
had been the seat of important rich organic deposits con-
sisting of black shales interbedded with marls and nodu-
lar limestones. The chronostratigraphy assigns these black
shales to the four sub-events OAEla, OAE1b, OAElc, and
OAE]ld. The geological context in which these black shales
are deposited, allowed understand the role played by local
factors to boost the deposit of these organic-rich facies. This
main role is attributed to synsedimentary tectonic phases that
reactivated the old N-S and E-W basement faults, during
three major tectonic phases occurring across: Aptian—Albian,
Lower Albian—Upper Albian and Upper Albian—-Cenoma-
nian. The reactivation of these faults, combined with the
Triassic halokinetic movements in Jebel Zebbas and Jebel
Oust areas, marked the two extremities of this basin at this
period, creating a particular architecture with horsts, grabens
and tilted blocks. This resulted in a maximum collapse of the
deep center of the basin with respect to the northwestern and
southeastern wrinkles which were kept elevated during the
entire Aptian—Albian interval. Sedimentation in this basin
had oscillated between a subtidal deep sea in the grabens
and an external platform on the top of horsts. In this context,
black shales are formed in an intermediate zone connecting
horsts and grabens. On the other hand, black shales formed
near the paleo-high reliefs are more organic-rich facies than
those deposited in the deep areas.

The geochemical and petrographic analysis of the organic
matter show that the average TOC is 1.24, 0.7, 0.55, and
2.02 wt%, respectively, for OAEla, OAElb, OAEIlc, and
OAE1d with maximum values reaching, respectively, 3.13,
2.97,1.97 and 13.91 wt%. The organic matter origin is over-
all homogeneous throughout the basin and is particularly an
amorphous marine planktonic of type I and II origin with a
small contribution of continental organic matter (about 5%).
This organic matter quality produced significant hydrocarbon
amounts with averages HGP/section ranging between 2 and
10 HC Kg/t rock. Considering the maturity stage that did not
exceeded the “oil window”, these source rocks are defined as
an unconventional shales oil resource system. The average
transformation ratio TR of the organic matter is around 45%.
Then more than a half of the initial HGP is still untransformed
in the source rock. A good proportion of this HGP stored in
the rock is in the form of free hydrocarbons. High proportions
of the oil saturation index exceeding 100% create “oil crosso-
ver” areas in the two raised domains: ZAS and OOJ section.

The geological context combined to geochemical and pet-
rological criteria lead to consider the Aptian—Albian source
rocks in Bir M’Cherga basin as unconventional oil shale
hybrid systems with a combination of juxtaposed organic-
rich and organic-lean intervals associated with open frac-
tures. Both, fracturing system and organic-rich interbedded

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

facies within black shales make possible hydrocarbon sec-
ondary migration and partial accumulations that have consti-
tuted the “oil crossover” areas. The thin poor-organic facies
interbedded into black shales constitutes mini-reservoirs
within the source rock, favoring a secondary migration
through short distances by microfractures.
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